
Forum for Electromagnetic Research Methods and Application Technologies (FERMAT) 

Microfluidically Tunable Paper-Based Inkjet-Printed 

Metamaterial Absorber. 

Kenyu Ling1, Minyeong Yoo1, Wenjing Su2, Kyeongseob Kim1, Benjamin Cook2, Manos 

M. Tentzeris2, and Sungjoon Lim1 

1School of Electrical and Electronic Engineering, Chung-Ang University, Heukseok-

Dong, Dongjak-Gu 156-756, Republic of Korea 

2School of Electrical and Computer Engineering, Georgia Institute of Technology, 

Atlanta, Georgia 30519, USA 

Abstract: This paper describes a tunable metamaterial (MM) absorber that incorporates 

novel microfluidic channels and is realized using inkjet printing on a photo-paper 

substrate. The fabricated sample demonstrated frequency-tuning capability owing to 

different fluids flowing in the microfluidic channels. In addition, the resonant frequency 

was changed from 4.42 to 3.97 GHz when the empty channels were filled with de-ionized 

water.  An analysis of the results suggests that microfluidic technology is a simpler and 

more effective way to achieve tuning functionality. The proposed structure is the first 

microfluidic absorber based on a photo-paper substrate. 
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1. Metamaterials are artificial 
materials whose 
characteristics may not be 
readily available in nature.

2. Metamaterial absorber is a 
useful application in EMI/EMC 
and stealth technology.

3. Frequency tunable 
metamaterial structure can 
satisfy multiple frequency 
standards and has a better 
application prospect.

 

1. Microfluidic channel refers to 
the behavior and control of 
liquids constrained to 
volumes near the μL range.

2. Microfluidic channel was 
developed in the 1980s.

3. Microfluidic channel is an 
multidisciplinary field with a 
wide variety of applications, 
such as Bioengineering, 
MEMS, and so on.

Based on three promising technologies, we proposed a novel metamaterial absorber built 
on paper substrate with microfluidic channel to achieve frequency tunable functionality!

Metamaterials Microfluidics

1. It is a direct-writing 
technology by which the 
design pattern is printed 
directly on the substrate.

2. It is no waste generated and 
makes fabrication more 
environment-friendly. 

3. It is more convenient to 
fabricate patterns on wide 
variety of substrates.

Inkjet Printing
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 Metamaterial absorber can be realized by a 
periodic resonance structure. 

< Periodic resonance structure > < Unit cell of the metamaterial absorber >

 Top and side view of the unit cell of the MM 
absorber: a = 16 mm, b = 15 mm, s = 1 mm.

 Resonance frequency  is dependent on both 
the geometrical dimensions and the average 
dielectric constant.

 Dielectric fluids exhibit different dielectric 
constant with air.

 When fluids contact with the electric field in 
the gap. 

 A variation of dielectric constant enables 
frequency tuning capability.

① ②

③ ④

< E-field distribution > < Current distribution >

  avg
r sb

cf
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The resonance frequency is approximately 
calculated by:

 where c is the velocity of light, and εavg is the 
average dielectric constant around the gap 
between two unit cells.

Frequency tuning 
principle

 Electric fields coupling is generated between the 
adjacent conductive patches.

 Antiparallel currents flow on the top and bottom 
conductive layers. This results in magnetic coupling 
with the incident magnetic field. 
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 We used heat sintering to increase conductivity in the oven
 After sintering process, nanoparticles combine with each 

other and become a conductive layer.

< Silver nano-particle ink > < Photo Paper > < Dimatix DMP-2831 >

< Oven:  120℃ for 1 hour > < Silver ink printed on paper > < Paper absorber > 

Paper absorber printing process

Inkjet Printing Technology

 Use silver nanoparticle ink instead of general ink 
to make metallization patterns. 

 We introduced a Dimatix materials printer and 
photo paper to ensure the printing quality. It is 
also possible to print using a commercial home 
printer.

 Silver ink has lower melting points, we can melt 
ink along without destroying the paper.

Sintering

<Before sintering>            <After sintering> Conductivity
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How to design the shape of the channels?

 It is impossible to inject liquid into these 
independent channels one by one.

 It is a challenge to inject the fluid into 
channel without creating air bubbles or 
uneven filling. 

 Take full advantage of rheological 
properties to design a one-way path 
channel. This is an optimal channel design.

Fabrication steps of microfluidic MM absorber

 For bonding the PMMA (Polymethyl 
methacrylate) layer to the photo paper, 
we used laminating film which made 
of polyethylene terephthalate (PET).

 This film has strong adhesive 
properties and imperviousness to 
prevent water leakage.

PMMA

Bonding layer
Paper 

Microfluidic 
Channel

200um

< Cross section of PMMA with etched channel >

Laser etching

< Laminating film >

Microfluidic channel 
in PMMA

Laminating film

Paper absorber 

① The microfluidic channels 
were etched on PMMA by 
laser etching.

② The square patches were 
inkjet-printed on photo 
paper using Dimatix 
printer.

③ A laminating film was to 
complete the bonding 
process.
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Layer 4: Microfluidic channel

Layer 3: Laminating film

Layer 2: Paper absorber

Layer 1: Copper tape

< Structure of unit cell >< Periodic structure >

a

b
g

h

c

d

a=16mm b=15mm

c=1.5mm d=2mm

g=1.13mm h=1.5mm

Microfluidic MM Paper Absorber

Air channel 

Water channel 

Inlet

Outlet

 These capillary channels not only allow fluid to 
share the same microfluidic channel path, but 
also reduce the influence of the dielectric fluid 
on the electric field distribution.

 The upper left and lower right nozzle is 
connector for injection. 

 In order to obtain better visual effect, we mix 
little red ink into DI water.

 Advantages: No complex bias network design 
and DC power consumption; Dimensions can be 
easily extended to designing large area 
applications.
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Experimental Environment for Measurements

 We used a wedge-tapered absorber and time gating method in order 
to measured only reflected RF signal from the sample. 

 There was a metal ground on the back side where the transmission 
tended to zero. We can calculate the absorptivity by measuring only 
reflection coefficient with a single antenna.

 Discussion of Experimental Results

 Simulation and Measurement Results

Conclusion

 The proposed structure is the first microfluidic metamaterial absorber based on paper substrate.
 Microfluidic technology is a simpler and more effective method to achieve tunable functionality.
 Since the resonant frequency can be changed by different fluids, this technique may have other potential 

prospects, such as wireless sensor for large area and liquid quality monitoring processes.

Frequency Absorptivity

Empty 4.42GHz 98%

DI-water 3.97GHz 94%

Ethonal 4.31GHz 93%

Tap water 3.88GHz 90%

 It successfully proposed frequency-tuning capability for different 
fluids in the microfluidic channels.

 The measured results of the initial empty state and empty-after-
filling state are also identical. It is not a “one-way process”. 

 The simulated results and the practical measurements show good 
agreeement.
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